Abstract The influence of cobalt speciation on the toxicity of cobalt to methylotrophic methanogenesis in anaerobic granular sludge was investigated. The cobalt speciation was studied with three different media that contained varying concentrations of complexing ligands [carbonates, phosphates and ethylenediaminetetraacetic acid (EDTA)]. Three fractions (nominal added, dissolved and free) of cobalt were determined in the liquid media and were correlated with data from batch toxicity experiments. The average concentration of cobalt that was required for 50% inhibition of methanogenic activity (IC 50 ) for free Co 2? in the three sets of measurements was 13 lmol/L with a standard deviation of 22% and a similarity of 72% between the data obtained in the three different media for the range of cobalt concentrations investigated. The standard deviation of the IC 50 for the other two fractions was much higher, i.e. 85 and 144% for the added cobalt and dissolved cobalt, respectively, and the similarity was almost 0% for both fractions. Complexation (and precipitation) with EDTA, phosphates and carbonates was shown to decrease the toxicity of cobalt on methylotrophic methanogenesis. The free cobalt concentration is proposed to be the key parameter to correlate with cobalt toxicity. Thus, the toxicity of cobalt to granular sludge can be estimated based on the equilibrium-free cobalt concentration.
Introduction
Trace metals play a key role in the anaerobic conversion of methanol to methane in upflow anaerobic sludge bed (UASB) reactors [25] . Cobalt, nickel, iron, copper, zinc and manganese are considered as the most important trace metals for methanogens [9, 12, 32, 36] . Especially cobalt was many times reported as a very important micronutrient, as the cobalt-containing cofactors (vitamin B 12 ) play a key role in the methylotrophic methanogenic pathway [10, 11, 47] . It has often been reported as a reason for failure of labscale reactors [10, 46] and as a limiting factor in full-scale UASB reactors [47] . Trace metals are dosed in excess in practice in industrial wastewater treatment plants to overcome problems associated with the lack of micronutrients. Although this method is effective, it is a waste of natural resources and it results in an unnecessary release of heavy metals in the environment, which leads to an increase of the operation costs [5] . Moreover, dosing trace metals at a too high concentration can cause inhibition of the methanogenic process [33] . Although heavy metal toxicity in UASB reactors has been studied abundantly, reported values of toxic concentrations vary considerably between different authors [7, 22, 26] . This is due to the fact that most authors report the total cobalt concentration in the liquid phase, not considering cobalt speciation. Therefore, the observed toxic concentrations are affected by differences in medium composition, which causes changes in metal speciation [45] .
The free metal ion has been most often used as the base of models describing metal uptake by microorganisms or higher organisms [16] , such as the free ion activity model (FIAM) and the biotic ligand model [15] . Although the free metal concentration strongly depends on precipitation [19] , sorption [41] and speciation [43] , the free metal ion is the most important chemical species for bacterial uptake [15] and therefore is also responsible for metal toxicity [13] . The presence of organic complexing ligands such as citrate (that decrease the free metal concentration) clearly influences the cobalt and nickel toxicity to bacteria, as is the case with Pseudomonas aeruginosa [6] or Bacillus subtilis [23] . These toxicity models were, however, established and verified for natural waters and higher organisms such as freshwater algae Chlorella kesslerii [15] , urchin larvae [27] or mussels (Mytilus galloprovincialis) [2] . Thus far, this type of models has never been applied to the anaerobic consortia present in biofilms or granules from wastewater treatment reactors. Most of the work confirming the FIAM has been performed in relatively simple matrixes (e.g. surface water), with biomass in suspension (e.g. algae [16] ). No studies have aimed on a liquid phase matrix of a relatively high salinity and with a biofilm grown in granules as present in UASB reactors. It is therefore interesting to verify if the FIAM can be applied to such a complicated system with many possible chemical-physical processes and restricted metal transport.
The present study focused on cobalt speciation and its influence on the specific methanogenic activity of granular sludge. Cobalt was chosen as a model for essential trace metals for methanogenesis. The borders between its nutritional requirement [3, 46] and toxicity is very narrow; although so far no toxic concentrations have been reported for anaerobic granular sludge. Therefore, the present study aimed to determine cobalt toxicity data for methanol fed anaerobic granular sludge based on changes in specific methanogenic activity (SMA) upon exposure to various cobalt concentrations. The influence of cobalt speciation was evaluated as well by adding various concentrations of complexing ligands [ethylenediaminetetraaceticacid (EDTA), phosphate and carbonate] to the medium. The effect of phosphate and carbonate was studied because these inorganic ligands are widely present in methanogenic reactors and their concentrations may vary substantially in practice. The effect of Co-EDTA 2-addition is also of practical importance, as it is a potential candidate for cobalt dosing to UASB reactors, despite it is not present in normal bioreactors. EDTA has often been reported to keep metals in solution and thus bioavailable [14] . However, it has also been shown that EDTA, as complexing agent, can substantially decrease heavy metal toxicity [13] . The Donnan Membrane Technique (DMT) experiments were performed in the presence of granular sludge to ensure metal speciation in the presence of natural ligands such as extracellular polymers.
Materials and methods

Medium composition
To evaluate the role of the free cobalt (Co 2? ) ion in toxicity, three sets of measurements of the SMA with different basal medium composition were performed (Table 1) . Table 2 lists the chemical composition of the medium, prepared with ultra-pure water (resistivity of 18 MXÁcm, Millipore Corporation, Billerica, MA, USA) as the dilution water. Although EDTA is usually not present in the UASB [28] .
Source of biomass
Mesophilic methanogenic granular sludge was obtained from a full-scale UASB reactor treating alcohol distillery wastewater at Nedalco (Bergen op Zoom, The Netherlands). The total suspended solids (TSS) and volatile suspended solids (VSS) concentration of the wet sludge were 6.93 (±0.02)% and 6.47 (±0.03)%, respectively. Set III was performed 9 months before sets I and II. The sludge was stored without substrate at 4°C during the time between the experiments. This led to differences in SMA of the inoculum in the absence of cobalt.
Specific maximum methanogenic activity tests
The SMA with methanol as the substrate was determined in duplicate at 30 (±2)°C using on-line gas production measurements as described by Zandvoort et al. [46] . Granular sludge specimens (approximately 1 g wet wt) were transferred to 120 mL serum bottles containing 50 mL basal medium with 4 g chemical oxygen demand (COD)/L of methanol, along with different cobalt concentrations. The SMA data were plotted in a rate versus time curve, using moving average trend lines with an interval of 15 data points.
SMA inhibition
Inhibition of specific methanogenic activity (I) is defined as the decrease in SMA under certain cobalt concentration (SMA i ) in comparison to the SMA under optimal conditions (SMA max ):
In order to obtain the main characteristics of the inhibition curves (SMA max , IC 50 ), the Hormesis model was used to fit the experimental data. The parameters of the curve were calculated in accordance with Schabenberger et al. [34] :
where E[y|x] represents the average response at dosage, b, c and h are parameters and x is the metal concentration; a was considered as a constant that gives the SMA value when x goes to zero; d was considered as a constant that gives the SMA value at x going to infinity (?); c is responsible for the Hormesis effect, and b and h are responsible for the slope of increase and decrease of the curve, respectively. The parameters were calculated using nonlinear regression in Microsoft Office Excel Ò (Thames Valley Park, Reading Berkshire, UK).
Statistics
The obtained toxicity data were related to the cobalt concentration. For each set, a single toxicity curve for each cobalt fraction (nominal added, dissolved, free) was plotted. To decide whether the three curves obtained for a certain fraction are similar among all three sets of experiments, the F test was used. The method was based on comparison of a full model (three curves for three sets) with a reduced model (one common curve for all three sets). The null hypothesis (H 0 ) that all the data points obtained for a certain cobalt fraction in all the three experimental sets can be fitted with one common curve was compared to the alternate hypothesis (H 1 ) that at least one curve deviates:
Indexes I, II and III specify the sets for which the parameters b, c and h were determined. Index r specifies the reduced model. Finally, the null hypothesis was accepted or rejected based on the P value obtained from the F test.
Dissolved cobalt concentration
The dissolved cobalt concentration was measured in filtrated (pore size of 0.45 lm) samples taken from the system (granular sludge-liquid medium) after 4 days of incubation (no substrate added, 30 (±2)°C, anaerobic conditions, shaking at 75 rpm). This incubation time is required to reach chemical equilibrium [30] , which was proved experimentally (data not shown).
Free cobalt ion (Co 2? ) concentration
The free cobalt (Co 2? ) concentrations related to particular cobalt concentrations in the given system (measurement sets I, II, and III) were measured under the same conditions as in the SMA test, but without substrate (Fig. 1) . The free cobalt concentration was determined directly in the granular sludge/medium mixture under anaerobic conditions at 30 (±2)°C using the DMT, as described by Temminghoff et al. [37] (Fig. 2) . The DMT has been most often used for measurement of the free species of various metals in synthetic media [21, 37, 44] , surface water [20] , soil solutions [19] and manure [32] .
Prior to the DMT measurements, the granular sludge/ medium mixture was shaken (75 rpm) for 4 days to reach equilibrium. The donor solution had the same composition as the medium used for activity tests ( Table 2) . As the DMT technique requires equilibrium conditions, no substrate was added to the medium to avoid methanogenic activity during the DMT test. The acceptor solution (before the start of experiments) contained 1 mmol/L CaCl 2 and 10 mmol/L MOPS as pH buffer.
The volumes of donor and acceptor solutions were 1 L and 17 mL, respectively. The sampling volume of the acceptor solution (1 mL) was always replaced with a fresh solution. The flow of both solutions was approximately 10 mL/min. Each DMT experiment was finished after at least 5 days (after reaching a plateau in the acceptor cobalt concentration).
When the Donnan equilibrium is reached, samples are taken from both the donor and the acceptor. By measuring potassium, a correction can be made for salt concentration differences. This correction is based on the theory of the Donnan equilibrium, which implies that the charge corrected ratios of all cationic activities in the solutions on both sides of the membranes are equal [17] :
where C don.,i and C acc.,i mean concentration of the targeted cation in donor and acceptor solution, respectively, and z i is its charge. The C don.,j , C acc.,j and z j are the same quantities for the reference cation. Potassium is chosen to correct for differences in ionic strength, because it hardly forms any complexes, and thus exists almost completely as free ions [43] .
Chemical analyses
The cobalt concentration was determined with inductively coupled plasma with optical emission spectrometry (Varian, Palo Alto, CA, USA) as described by Zandvoort et al. [46] . The total suspended solids and VSS concentrations were determined according to [1] . All chemicals were of analytical or biological grade and purchased from Merck (Darmstadt, Germany).
Results
Validation of DMT
To assess the accuracy of the DMT for free cobalt concentration measurements, three experiments in a synthetic medium (ultra-pure water, CaCl 2 1 mmol/L, MOPS 10 mmol/L) with three different ligands (chloride, carbonate and citrate) were performed. The results were compared with the data calculated by equilibrium modeling software (Visual MINTEQ). The experimental results were Fig. 1 Experimental design used in the present study to link the specific methanogenic activity measurement to solid phase and liquid phase speciation DMT Donnan membrane technique Fig. 2 Experimental set-up of the Donnan membrane technique (DMT) to measure the free metal concentration in a good agreement (maximum 6% deviation) with the calculated data (Table 3) . Therefore, DMT was chosen to be applicable for the free cobalt concentration measurements in the matrixes under investigation.
Influence of cobalt on methanogenic activity Methanol (0.2 g COD in each bottle) was completely transformed to methane in most cases (Fig. 3) . Incomplete methanol to methane conversion occurred only when higher amounts of cobalt were added (almost 100% inhibition): above 2,000 lmol/L for sets I and II and above 200 lmol/L for set III.
Cobalt limitation occurred when cobalt was added at sub-optimum amounts (Table 4 ). The observed decrease of the SMA at suboptimal cobalt concentrations were 39% (5 lmol/L cobalt addition), 18% (5 lmol/L cobalt addition), and 58% (0 lmol/L cobalt addition) in sets I, II, and III, respectively, in comparison with the SMA max .
There is a difference between the SMA max in sets I and II [2.28 and 2.06 g COD/(g VSS day), respectively] on the one hand, and set III [0.60 g COD/(g VSS day)] on the other hand (Fig. 3b) . This difference was accompanied by lower end pH values in set III (6.5-7.0), which was probably caused by the different pH buffering system required for the experimental setup ( Table 2 ). The difference in SMA max could be also caused by the storage of the granular sludge between performing the set III experiments and sets I and II experiments.
The toxicity curves showed different shapes depending on the media composition in the three sets and differences between IC 50 values were large (Table 5 , Fig. 4a ). The highest IC 50 (478 lmol/L in set II) was almost seven times higher than the lowest one (71 lmol/L in set III). Moreover, the P value of the statistical test was almost zero (Table 5 ) and therefore the hypothesis that all three data sets can be fitted with one common curve was rejected. The applied cobalt concentration affected also the time when the maximal SMA occurred (t max ). The t max was similar (220-260 h) in most of the experiments with Co-EDTA 2-and it was slightly increasing with higher CoCl 2 addition in set I (from 200 to 350 h). In contrast, a steep increase of t max was observed in set III (from 200 to 600 h).
Dissolved cobalt and toxicity
The toxicity curves obtained for dissolved cobalt also varied significantly among different measurement sets (Fig. 4b, Table 5 ). While the IC 50 values for sets I and III were similar (IC 50 of 36 and 19 lmol/L, respectively), the IC 50 for set II (Co-EDTA) was more then ten times higher (442 lmol/L). The IC 50 value for set II obtained for dissolved cobalt was as high as the IC 50 for the nominal cobalt addition in set II (478 lmol/L). The P value of the statistical test was almost zero (Table 5 ) and therefore the hypothesis that all three data sets can be fitted with one common curve was rejected. Figure 5 shows the differences in the cobalt distribution between the solid and liquid phase at steady state within the three systems as measured during the DMT experiments. Indeed, almost all (more than 90%) cobalt was present in the liquid phase when it was added as Co-EDTA (set II-except the cobalt concentration of 100 lmol/L). In contrast, a much lower amount of cobalt stayed in the liquid phase when it was supplied as CoCl 2 . If carbonate and phosphate were present in the system in high concentrations (set I), approximately 70% of the cobalt precipitated (or sorbed) and only approximately 30% of it remained in the liquid phase. Even more (90-100%) cobalt precipitated/sorbed at lower amounts of cobalt added (5 and 75 lmol/L). When phosphates and carbonates were not present in the system (set III), a substantial part of the cobalt was also present in the solid phase. In contrast with set I, the distribution between the solid and liquid phase in set III depended on the amount cobalt added (Fig. 5) . Figure 6 shows that the equilibrium concentration in the bulk solution upon finishing an activity test was equal to that measured after a DMT experiment. Free metal content and toxicity
The inhibition curves are very similar for the three systems when the free cobalt concentration is plotted versus inhibition (Fig. 4c) . The IC 50 values for all three systems ranged from 10 to 15 lmol/L, with a standard deviation of 22% ( Table 5 ). The P value of the statistical test was 0.72 (Table 5 ), confirming the hypothesis that all three data sets can be fitted with one common curve. Figure 7 shows free cobalt concentrations at various dissolved cobalt concentrations in the three sets. There was a steep increase in the free cobalt concentration with increasing dissolved cobalt concentrations in set III and a slightly slower increase in set I. The free cobalt concentration reached typically 30-50, 10 and 90% of the total dissolved cobalt concentration in sets I, II and III, respectively.
Discussion
Role of speciation in cobalt toxicity
The present study shows that the toxicity of cobalt cannot be evaluated solely based on the total cobalt concentration in the liquid phase, but requires also the determination of the amount of cobalt precipitated/sorbed in methanogenic granular sludge and the speciation of cobalt present in the bulk solution (Fig. 4c) . Moreover, the results suggest that cobalt toxicity can be assessed based on the free cobalt concentration. The latter statement is only valid when all important conditions such as pH and concentration of The curves were calculated using Eqs 1 and 2 and nonlinear regression Fig. 5 The amount of cobalt (in %) that was present in the solution after addition of cobalt in various concentrations in sets I (filled diamond), II (filled square), and III (filled triangle) Fig. 6 Dissolved cobalt concentrations in set III obtained at equilibrium after activity tests (filled diamond) and after Donnan membrane technique (DMT) measurements (filled triangle) competing metals (namely calcium or magnesium [15] ) are kept constant. Although not only the free cobalt species can be transported into a microbial cell (e.g. vitamin B 12 [8] , Co-citrate [23] and siderophores [45] are directly taken up by the methanogenic cell), similar IC 50 values for all three measurement sets (standard deviation of only 22%) were obtained when taking only the free cobalt species (Co 2? ) concentration into account (Table 5 ). This is due to the fact that when equilibrium conditions are established, metal toxicity can be predicted based on any metal species [45] .
Although the IC 50 values for the dissolved cobalt fraction obtained for sets I and III are similar, the value from set II (Co-EDTA) is more than ten times higher (Table 5 , Fig. 4b ). It means that although the presence of ligands (EDTA, but also phosphates and carbonates) keeps cobalt in solution (Fig. 7) , the bioavailability of cobalt is decreased. These results are in agreement with the conclusions of Chen et al. [6] , who observed a significant decrease of cobalt toxicity to Pseudomonas aeruginosa in the presence of citrate and carbonate, indicating a decrease of the metal bioavailability of cobalt due to complexation. Several authors also reported EDTA to decrease nickel and cadmium toxicity to nitrificants [18] or copper, nickel and zinc toxicity to Thiothrix sp. [35] . Similarly, Kungolos [24] demonstrated a decrease of bioavailability (and therefore also toxicity) of heavy metals in the presence of increasing amounts of humic acids. For dissolved cobalt, the IC 50 values reported in the present study (Table 5) Bhattacharya et al. [4] studied cobalt toxicity to anaerobic sludge in semi-continuous reactors under different experimental conditions: suspended enrichment culture, different medium composition (higher concentrations of inorganic salts) and different substrates (acetate and glucose). They observed an approximately 50 times higher IC 50 value for the free cobalt ion (approximately 750 and 950 lmol/L for glucose and acetate, respectively) compared to the present study. Also the IC 50 values obtained for cobalt addition (both approximately 14,500 lmol/L) were substantially higher than in the present study. The higher value for the supplied cobalt is probably due to higher salt concentrations (e.g. 60 mM HCO 3 -) applied by Bhattacharya et al. [4] , which lead to more cobalt precipitation and complexation. The high free cobalt IC 50 value is likely due to toxicity prevention by the presence of higher calcium and magnesium concentration (0.17 mM Ca 2? , 5.25 mM Mg 2? ), because calcium as well as magnesium competes with cobalt for metal transporters [15] . As cobalt toxicity is mainly due to interaction with divalent physiological ions (the ions having physiological functions), mainly Fe 2? [29] , the higher iron concentration (0.2 mmol/L) used by Bhattacharya et al. [4] probably also decreased the free cobalt toxicity. The different methods for free cobalt concentration measurement (a combination of dialysis and ion exchange methods) used by Bhattacharya et al. [4] could also affect the conclusions. Table 5 and Fig. 4 show that there is only a small difference between the optimal and toxic free cobalt concentration: the optimal concentration was shown to be approximately 7 lmol/L with an apparent K m value of 0.9 lmol/L (based on total cobalt addition) [46] , whereas a free cobalt concentration of only approximately 18 lmol/L is already significantly toxic (50% inhibition). This means that in case only a small amount of complexing agents is present in the medium, a relatively low total cobalt concentration can cause operational problems with anaerobic reactors.
Zinc, chromium, nickel, cadmium and copper are usually reported as the most toxic heavy metals that may occur in UASB reactors [7, 22, 26, 38] . Their reported toxic concentrations (based on nominal metal added) are, however, substantially higher (order of magnitude of mmol/L) than the IC 50 values documented in the present study for cobalt (Table 5) . Also Chen et al. [6] showed that the effective concentration of metallic ion to provoke 50% response for the aerobic bacterium P. aeruginosa for cobalt was more than 100 times lower than the 50% effect concentration measured with cadmium and manganese. Therefore, a higher attention should be paid to induce cobalt toxicity.
Role of precipitation/sorption Figure 5 shows that there are significant differences in the solubility of cobalt in the three systems studied. Set I (cobalt in the presence of inorganic ligands) shows the highest accumulation of cobalt in the solid phase (granules). This accumulation can be caused by or adsorption or absorption on/in the granules or by cobalt precipitation with the inorganic ions contained in the liquid medium [40] . Figure 5 shows a similar level of cobalt precipitation/ sorption at the lower cobalt concentrations in sets I and III. However, in the case of set I (in contrast to set III), the portion of dissolved cobalt cannot be increased by addition of more cobalt. Since the only difference between the conditions of these two sets was the presence of carbonates and phosphates in set I, the difference between cobalt solubility in both systems was due to CoCO 3 and Co 3 (PO 4 ) 2 precipitation. The formation of these precipitates under the applied conditions was also predicted by calculations with Visual MINTEQ (data not shown). Those precipitates are known to be present in granular sludge in significant amounts and have to be taken into account for interpretation of data when the solid-state speciation is investigated in granular sludge [42] .
The cobalt distribution between the solid and liquid phase in set III seems to be a typically adsorption-like type (as shown by van Hullebusch et al. [40] ). Thus, cobalt adsorption plays a key role in the cobalt distribution in this system. However, it is almost impossible to distinguish between precipitation and adsorption in the granular sludge matrix [42] . Therefore, precipitation of part of the cobalt added (e.g. as CoS) cannot be excluded.
In the system studied in set II, there seems to be almost no cobalt transport into the solid phase. As Fig. 5 shows, almost all cobalt was always (except at concentrations as low as 100 lmol/L) present in the liquid phase. This is caused by the high affinity of EDTA to cobalt, the strong Co-EDTA 2-complex causes the poor precipitation/sorption of cobalt in this system.
Comparison of DMT with other available methods
Up to now, DMT has been most often used for measurement of the free species of various metals in synthetic media [21, 37, 44] , surface water [20] , soil solutions [43] and manure [39] . In the present study, DMT was successfully used for measurement of the free cobalt (Co 2? ) concentration in anaerobic granular sludge. Prior to the measurements on real samples, the suitability of this technique for cobalt was determined (Table 3) . Similarly, Temminghoff et al. [37] obtained a good agreement between calculated and measured (with the DMT) free metal concentrations for copper and cadmium. The only problem is the high time required to obtain experimental data (4 days for equilibrium establishment, 5 days for DMT measurement), which disables DMT for measurements under dynamic conditions of bioreactors.
